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Multiple RNA Polymerase 
Conformations and GreA: Control 

of the Fidelity of Transcription 
Dorothy A. Erie, Omid Hajiseyedjavadi, Mark C. Young, 

Peter H. von Hippel 
Pre-steady state kinetics of misincorporation were used to investigate the addition of 
single nucleotides to nascent RNA by Escherichia coli RNA polymerase during tran- 
scription elongation. The results were fit with a branched kinetic mechanism that permits 
conformational switching, at each template position, between an activated and an 
unactivated enzyme complex, both of which can bind nucleotide triphosphates (NTPs) 
from solution. The complex exists most oftenain the long-lived activated state, and only 
becomes unactivated when transcription is slowed. This model permits multiple levels 
of nucleotide discrimination in transcription, since the complex can be "kinetically 
trapped" in the unactivated state in the absence of the correct NTP or if the 3' terminal 
residue is incorrectly matched. The transcription cleavage factor GreA (or an activity 
enhanced by GreA) increased the fidelity of transcription by preferential cleavage of 
transcripts containing misincorporated residues in the unactivated state of the elongation 
complex. This cleavage mechanism by GreA may prevent the formation of "dead-end" 
transcription complexes in vivo. 

Transcription of RNA is the first step in 
the chain of events leading to expression of 
the genetic information encoded in double- 
stranded DNA. The role of RNA polymer- 
ase in transcription is to synthesize, under 
the direction of the DNA template, the 
nascent RNA chain with high fidelity and 
at reasonable rates. The passage of the 
polymerase along the DNA template is 
uneven, with the "dwell time" at a given 
template position ranging from 10 ms to 
seconds or even minutes. These sequence- 
dependent differences in the transit rate of 
the polymerase along the template are "pro- 
grammed" into the sequence in ways that 
are not yet understood. It is becoming 
apparent that these sequence-dependent 
dwell times comprise the central compo- 
nents of a regulatory network that controls 
gene expression at the level of transcription 
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(1, 2). Accordingly, it is important to 
identify all of the steps in the transcription 
pathway and to determine which might be 
rate limiting (and thus subject to regula- 
tion) for both correct and incorrect nucle- 
otide incorporation. 

Pre-steady state kinetic studies, which 
permit the characterization of the individ- 
ual stevs of an enzvme mechanism. should 
reveal ;he rate-limiting steps of the single 
nucleotide addition process of RNA synthe- 
sis, just as such studies have been used to 
elucidate DNA synthesis mechanisms. Ki- 
netic studies of the single-nucleotide addi- 
tion cycle of several DNA polymerases (3- 
5) have shown that the urocessive addition 
of a nucleotide residue to an elongating 
polynucleotide chain occurs stepwise (2) by 
(i) NTP binding, (ii) phosphotransfer, (iii) 
pyrophosphate product release, and (iv) 
translocation of the catalytic active site of 
the enzyme relative to the 3' terminus of 
the growing chain. In addition, these stud- 
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ies have identified conformational changes 
that regulate the overall rate, fidelity, and 
urocessivitv of nucleotide incoruoration in 
DNA synthesis. 

Application of quench-flow methods to 
studies of the pre-steady state kinetics (6) 
of RNA synthesis may not yet be practical, 
since some properties of stalled transcrip- 
tion elongation complexes differ even for 
complexes that have been purified by slight- 
ly different methods (2). Nevertheless, if 
selected steps of the single-nucleotide addi- 
tion cycle are slowed, this process can be 
studied without a quench flow apparatus. 
Accordingly, we have used specific nucleo- 
tide misincorporation to probe the detailed 
mechanisms of nucleotide incoruoration 
and discrimination in RNA synthesis cata- 
lyzed by E. coli RNA polymerase. 

Misincorvoration of a nucleotide residue 
increases the duration of certain steps of the 
nucleotide addition cvcle from milliseconds 
to minutes. The slow rates of these pro- 
cesses uermit the observation and studv of 
conforkational states of elongation com- 
plexes that may not be significantly popu- 
lated during rapid synthesis, but which may 
be physiologically important in regulation, 
particularly for processes involving tran- 
scriptional pausing. We describe two exper- 
iments that urovide sufficient information 
to define the mechanism of nucleotide dis- 
crimination at suecific loci. as well as to 
identify several elementary steps in the 
overall nucleotide incorporation cycle. Ex- 
periments at other template positions sug- 
gest that our findings are likely to be gen- 
eral. The mechanism shares several features 
of the DNA polymerase single-nucleotide 
addition cycle, but the overall pathway 
differs in critical respects. Unlike the basi- 
cally sequential (A -+ B -+ C) DNA 
polymerase mechanisms (3-5), our experi- 
ments indicate a branched kinetic pathway 
for RNA polymerase characterized by sev- 
eral alternative conformational states at 
each template position. The processivity 
and great stability of the transcription elon- 
gation complex allow us to observe kineti- 
cally the different conformational states 
that comprise the components of this 
branched pathway. These qualities ensure 
that the rates of change between conforma- 
tional states are faster than the rate of 

SCIENCE VOL. 262 5 NOVEMBER 1993 867 



dissociation of the complex. The fact that 
equivalent states have not been observed in 
DNA synthesis may be due to the lower 
processivity of the examined DNA poly- 
merases in that the dissociation of DNA 
polymerase-DNA complexes (7) may be 
faster than the rates of the equivalent con- 
formational interconversions. 

We have also examined the effects of the 
E. cob elongation accessory proteins NusA 
and GreA on misincorporation. NusA pro- 
tein does not affect the observed misincor- 
poration kinetics. In contrast, the mecha- 
nism we have deduced suggests, and experi- 
ments confirm, that the recently identified 
transcript cleavage factor GreA (8) en- 
hances the fidelity of transcription. Further- 
more, GreA appears to recognize nucleotide 
misincorporation in a manner similar to that 
of the (3' + 5') intrinsic exonuclease com- 
ponents of the DNA polymerases (4, 9). 

All experiments described in this article 
were performed with a DNA template that 
contains the XPR promoter (1 0). The first 50 
nucleotide residues of the transcript are 

With this template, stable elongation com- 
plexes stalled at position +24 can be made by 
canying out transcription in the absence of 
CTP (cytidine triphosphate); however, be- 
cause of misincorporation at +25, some of the 
complexes read through to positions + 25 and 
+27 (1 1 ). Conseauentlv. we can measure the . , . ,- 

rate of misincorporation at +25, as well as the 
rate of extending past the misincorporated 
base to +27. We have performed a large 
number of experiments to examine the addi- 
tion and removal (by pyrophosphorolysis and 
by protein factors) of correct and incorrect 
nucleotides at +25, +26, +27, and +28. 

Three major transcripts 24, 25, and 27 
nucleotides (nt) in length were observed dur- 
ing the time course of a transcription reaction 
initiated with 20 pM ATP, 20 pM UTP, and 
3 pM [CX-~~P]GTP (Fig. 1A) ( I  I). The 27-nt 
transcript was sequenced and the dependence 
of misincornration on nucleotide triuhos- 
phate NTP) concentration was investigated. 
Uridine nucleotides were found to be misin- 
corporated in place of cytosine nucleotides in 
all experiments. This finding is consistent 
with other in vitro and in vivo investigations 
of nucleotide misincorporation (2). In addi- 
tion, the kinetics of nucleotide incorporation 
during the first 20 minutes of the reaction 
were independent (i) of ATP and GTP con- 
centrations up to 1 mM (12); (ii) of pH 
between 6 and 9; (iii) of the' presence or 
absence of pyrophosphate (100 pM), rifampi- 
cin or heparin, NusA, or sigma factors; and 
(iv) of the ratio of RNA polymerase to DNA 

template. However, the observed kinetics We deduced the simplest kinetic scheme 
were dependent on the concentrations of (Fig. 2) that can account for all the observed 
UTP and GreA protein (see below). data (Fig. 1, A and B, and Fig. 3). A 

Tim e (min) 

Fig. 1. (A) Distribution of the A 
transcription products on a 
20 percent acrylamide, 8 M 
urea gel as a function of time 
after the addition of 20 FM 
ATP, 20 FM UTP, and 3 FM 
[U-~~PIGTP (800 Cilmmol). -- 04 
Reactions were done at 
23°C in 30 mM Hepes buffer 
(pH 7.0), 200 mM potassium 
glutamate, acetylated bo- Z 2 g 2 51 8 :: 2 8 5: 8 8 g g 6 g g 8 8 8 8 8 8 8 

serum albumin (25 ,,g/ 0 o 4 ' G ri ri m 9: 9: "i 6 0 "i d "i 0 "i 0 0 "i 6 0' 0 
- r N N . - , m * L , w m c o r  II * 

ml), 10 mM magnesium glu- 
tamate, and 1 mM dithio- 
threitol, and were quenched o. 
with 80 percent formamide. 
The E. coli RNA polymerase 0 0 

holoenzyme (1 to 10 nM) 
and DNA (1 to 10 nM) were g 
first incubated at 37°C for 10 g 
minutes to allow open pro- 
moter complex formation 5 
and then at 23°C for 2 min- 2 
Utes before the addition of 
the NTPs. The lengths (in nu- B 0.04- - 
cleotides) of the transcripts 5 
are shown on the left, and 2 
the times at which the reac- L 0.02- 1; 
tions were stopped are 
shown below each lane. (B) 103 4 ~ )  

Plots of the fraction of terna- 0. - -, . 
ry complexes that have un- 30 0 
dergone a misincorporation Time (mtn) 
event. The amount of radioactivity in each band of the gel in (A) was measured on a radioanalytic 
imaging system (AMBIS 4000). The amounts of labeled transcripts in each fraction were calculated 
by dividing the amount of radioactivity in the indicated band by the total amount of radioactivity in all 
bands corresponding to transcripts equal to or greater than 24 nt in length. Closed circles (@) indicate 
the terminally misincorporated 25-nt transcript; open diamonds (0) indicate the internally misincor- 
porated 27-nt transcripts. The curves were generated from the mechanism indicated in Fig. 2 with the 
computer program KlNSlM (35). (Insert) The full time course of the reaction. 

Fig. 2. The kinetic mechanism k25* k26* fast k28* 
deduced from the misincorpo- 24" - 25* - 26" + 27* + 28* - -> 
ratlon experiment shown in 
Fig. 1 The numbers indicate '24 1 '25 8 9 k2,1 
the transcript position, and 

b V 

states n* and n represent an 24 26 2 7 
activated or an unactivated 
conformational state, respec- 
tively. of an elongation com- 24, 25,, 27,, 28,, 
plex located at each position. 
The subscript "DE" indicates 
dead-end complexes. These 
transitions are shown in gray 
because they were not includ- 
ed in the mechanism used in 
the simulation. The transcript 
sequences as well as the 
pseudo-rate constants, kn 
and kc (where n is the tran- 
script length) (36), used to 
generate the kinetic curves 
in Fig. 1B are shown below 
the mechanism. In addition, 
an approximate pseudo-rate 
constant that would be ex- 
pected for correct incorporation of CTP at +25 under these conditions is shown for comparison (36). 
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confonnational model in which competitive 
productive and nonproductive NTP binding 
plays a central role is proposed (Fig. 4). We 
call this model the "kinetic t r a ~ "  because 
the mechanism pennits "trapping" of nucle- 
otide misincorporation events. Evidence for 
each step in the mechanism is listed below. 

1) The rates of production of the 25- and 
27-nt transcripts exhibit multiphasic kinetics, 
and therefore the shapes of the curves cannot 
be reproduced on the basis of a simple sequen- 
tial kinetic mechanism. Rather, the mecha- 
nism must include branch points or intercon- 
necting parallel pathways. Experiments on 
the UTP dependence of misincorporation 
have shown that noninterconnecting parallel 
pathways also cannot simulate the kinetic 
data, and that multiphasic kinetics apply for 
all U for C misincorporation sites (Fig. 3). 

2) Unlike misincorporation catalyzed by 
DNA polymerases, in which 100 percent 
misincorporation was observed for mutants 
lacking a 3' + 5' exonuclease activity, fewer 
than 20 percent of the complexes that reach 
+24 actually undergo a misincorporation 
event (Fig. 1B) (4). Since RNA polymerase 
does not dissociate from the elongation com- 
plex, this result can be explained only in 
tenns of a confonnational change that re- 
sults in a species that does not misincorpo- 
rate (24* + 24; Fig. 2). but that can be 
extended (chased) to full-length transcripts 
on the addition of all four NTPs (1 3). 

3) After 10 minutes, the concentration 
of the 25-nt transcri~t remains constant. 
while that of the 27-nt transcript decreases 
because a second misincorporation pennits 
extension to +28 (Fig. 1, A and insert in 

Fig. 3. A 20 percent acrylam- 
ide. 8 M urea gel of products 
from transcription reactions to 
which either 1 mM UTP (right) 
or 1 mM [a-SIUTP (left) was 
added; the time at which the 
reaction was quenched is in- 
cluded. The lengths of the 
transcripts are indicated on 
the left side of the gel. Zero 
time is at the time of the addi- 
tion of UTP, which is 10 min- 
utes after the start of the reac- 
tion. The reaction in the lane 36 
marked "0 seconds" was 35& 
quenched 1 minute before 30 
the addition of either 1 mM 2 8 1  - 
UTP or 1 mM [a-SIUTP. The 27:. 8 
radioactivity was measured 25 - 
with AMBlS 4000. 24-hS 

B). This result indicates that back reactions 
to +24 are not kinetically accessible under 
these conditions, and justifies equating their 
pseudo-rate constants to zero (Fig. 2). 

4) The initial rate of appearance of the 
27-nt transcript is equal to or slightly greater 
than that of the 25-nt species (Fig. 1B). 
Consequently, the rate-limiting step in the 
production of the internally misincorporated 
27-nt transcript must be in the misincorpo- 
ration step (24* + 25*) itself (at or before 
phosphodiester bond formation between the 
incorrect residue and the 3' terminus of the 
nascent RNA), since both pyrophosphate 
release and translocation occur after misin- 
corporation at +25 (Fig. 2). If some step 
after misincorporation at +25 were rate 
limiting, the rate of appearance of the 27-nt 
transcript would be slower than that of the 
25-nt transcript. 

5) Since the rate of appearance of the 
27-nt transcript is as fast as that of the 25-nt 
species, it is necessary to invoke a confor- 
mational change (25* + 25) after misin- 
cornoration at +25 to account for the 

of the correct nucleotide residue (adenosine) 
at +26 onto the misincorporated residue at 
+25 (25* + 26*). The rate of extension of 
the misincorporated product is higher than 
the rate of the misincorporation step itself, 
but it is slower than extension from a correctlv 
incorporated nucleotide residue (Fig. 2). Sim- 
ilar results have been observed for the DNA 
polymerase catalyzed extension of a mis- 
matched nucleotide residue (4, 5, 14). 

7) Since the slowest step in the reaction is 
incorporation of the incorrect base, and nu- 
cleotide removal is much too slow to be a 
factor under the conditions of this experi- 
ment, the confonnational changes (24* + 

24) and (25* + 25) must also be irreversible 
on the time scale of these experiments. If state 
24* were in equilibrium with state 24, then all 
the complexes that reach +24 would eventu- 
ally undergo misincorporation and continue 
to +27. An analogous confonnational change 
at +27 (27* + 27) must also be included in 
the mechanism to fit subsequent kinetic ob- 
servations (Figs. 1B and 2). 

Nucleotide discrimination: Kinetic- 
continued presence of any 25-nt product. 
Furthermore, the rate of this confonnation- 
a1 change (25* + 25) must be similar to the 
rate of extension of the misincorporated 
transcript (25* + 26*) (Fig. 2). 

6) We were able to determine not only 
the rate of misincomration. but also the rate 
of chain extension from the misincorporated 
residue (Fig. 1, A and B, and Fig. 2). The 
simultaneous appearance of the terminally 
misincorporated 25-nt transcript and the in- 
ternally misincorporated 27-nt transcript per- 
mits our determination of the rate of addition 

trap and productive-nonproductive bind- 
ing. We propose that the confonnational 
change from state n* to state n (where n is 
the transcript length) represents a change 
from an activated (n*) to an unactivated . , 

(n) enzyme complex, and that the activated 
state results from "~roductive" binding of ., 
an NTP substrate, nucleotide incorpo- 
ration, or both. By definition, the unacti- 
vated complex cannot catalyze the phos- 
photransfer reaction and, as demonstrated 
below, the activated complex can fonn a 
phosphodiester bond only if the NTP is 
bound to the enzyme with the correct ge- 
ometry (productively) (Fig. 4). 

This kinetic trap model (Fig. 4) combines 
properties of an induced-fit model (15) with 
those of a "productive-nonproductive bind- 
ing" model to explain nucleotide selection 
during RNA synthesis by E. coli RNA poly- 
merase. In an induced-fit model, the correct 
NTP substrate binds to the enzyme and 
induces a confonnational change that allows 
rauid catalvsis. while the incorrect NTPs , - 
bind, but induce the confonnational change 
at a very slow rate, or not at all. In a 
productive-nonproductive binding model, 
nucleotide selection results from the differ- 
ent binding geometries of correct and incor- 
rect NTP substrates (1 6). Specifically, the 
correct NTP binds with a configuration that - 
results in catalysis (productive), and incor- 
rect substrates bind with configurations that 
inhibit catalysis and also prevent a correct 
substrate from binding (nonproductive) 
(16). Both of these models have been in- . , 

voked to explain nucleotide discrimination 
by DNA polymerases (4, 9). However, nei- 
ther of these models alone can explain our 
kinetic data because (i) the productive-non- 
productive binding model does not allow for 
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conformational changes and (ii) the in- 
duced-fit model does not permit the NTPs 
bound to the activated state to be in direct 
equilibrium with NTPs in solution. 

We extended the above concepts to gen- 
erate a conformational model that allows for 
multiple levels of substrate selection. In this 
model, the unactivated state exhibits the 
same properties as in an induced-fit model, 
and the n + n* transition represents a 
conformational change like that described in 
induced-fit models (1 5). Specifically, such a 
change could bring the a-phosphorus of the 
NTP and the 3'-OH of the transcript into 
proper alignment for bond formation (15, 
17) or bring catalytic groups of the enzyme 
into correct relative positions (15). In con- 
trast to the   re dictions of an induced-fit 
model, the activated state in our model is 
lone-lived and can bind NTPs from solution - 
both productively and nonproductively 
(1 8), but phosphodiester bond formation 
can occur in the activated state only if the 
NTP is bound productively. This model 
allows RNA polymerases with a correct, 
productively bound NTP to continue rapidly 
along the n* + (n+ 1)* pathway (Figs. 2 
and 4), rather than entering the unactivated 
(n) states. Conversely, polymerases with an 
incorrect, nonproductively bound NTP can- 
not easily traverse this pathway, and conse- 
quently enter (are trapped) into unactivated 
states. Significantly, the n* + n transition 
serves as a kinetic trap for incorrect, but not 
for correct. substrates because it is irrevers- 
ible only for the incorrect substrate. In this 
way, productive binding in the kinetic trap 
model (i) induces the n + n* conformation- 
a1 change, making the trap reversible for 
correct substrates; and (ii) permits bond 
formation in the activated state (n*), pre- 
venting the trap from "springing" on correct 
substrates. We discuss our data within this 
context below. and demonstrate that mainte- 
nance of fidelity in transcription elongation 
by RNA polymerase occurs at three different 
steps in the kinetic pathway: 24* + 24, 24* 
+ 25*, and 25* + 25, and that conforma- 
tional changes occur in all these steps. 

The observed rate of decay 24" + 24 is 
similar to the rate of misincorporation 24" 
---  

+ 25* (Fig. 2), and neither of these rates is 
increased in the presence of 1 mM ATP or 
GTP (12). Accordingly, we propose that 
ATP and GTP both bind to the activated 
complex (24*) nonproductively, and that 
this nonproductive binding leads neither to 
phosphodiester bond formation (Fig. 4) nor 
to an enhanced rate of decay from state 24* 
to 24. In addition, the rate of reactivation 
of state 24 to 24* depends on both UTP 
and CTP concentrations, supporting the 
possibility that the conformational change 
from the unactivated (n) to the activated 
(n*) state is a result of productive binding 
(1 9). The conformational decay 24* + 24 

(Fig. 2) represents the first of three levels of 
nucleotide discrimination within the sin- 
gle-nucleotide addition cycle in that com- 
plexes in state 24 can be considered to have 
prevented an error by trapping RNA poly- 
merase before misincorporation. 

Since complexes in state 24* are poised 
to undergo phosphotransfer, the mechanism 
of nucleotide discrimination in going from 
state 24" to 25" remains to be determined. 
As discussed above, the rate-limiting step for 
the incorporation of an incorrect base at 
+25 must be at or before phosphotransfer. 
To ascertain whether bond formation is rate 
limiting, we have substituted a-thio-UTP 
for UTP (Fig. 3). In general, if phos- 
photransfer were rate limiting, the rate of 
incorporation should be 60 to 100 times 
slower for the thio substrate than for the 
corresponding NTP (20). Replacement of 
thio- for 0x0-phosphates in enzymatic phos- 
phate transfer processes decreases the reac- 
tion rates 2 to 40 times (21). In contrast, the 
rate of nucleotide incorporation at $25 is 
significantly increased by replacement of 
UTP with a-thio-UTP (Fig. 3), making it 
highly unlikely that phosphodiester bond 
formation is the rate-limiting step for this 
misincorporation (22). 

Accordingly, we propose that the incor- 
rect nucleotide most often binds to the 
activated state nonproductively, and thus 
inhibits catalysis. Consequently, the (small) 
value of the ratio of productive to nonpro- 
ductive binding constants (Kp*/KNp*) gov- 
ems the insertion of the incorrect NTP (Fig. 
4). Such a geometric explanation has been 
proposed to account for a nucleotide dis- 
crimination ratio of about lo4 for some 
DNA polymerases (9), and can also provide 
a simple explanation for the unusually high 
misincorporation rate of a-thio-UTP by 
RNA polymerase. The a-thio-UTP could 
enhance the rate of misincorporation by 
binding with a configuration that is prefera- 
ble for phosphotransfer over that adopted by 

the 0x0 substrate (that is, Kp* for a-thio- 
UTP > Kp* for UTP) (Fig. 4). Alternative- 
ly, a-thio-UTP might bind less rigidly in the 
binding pocket than does the 0x0 analog, 
thereby potentially reducing KNP* for a -  
thio-UTP and increasing the ratio Kp*/KNp* 
for the thio substrate relative to that for 
UTP. The rate of misincorporation is en- 
hanced by a-thio-UTP at all positions at 
which the template specifies CTP insertion 
(Fig. 3), suggesting that a productive-non- 
productive binding model for nucleotide dis- 
crimination in n* states mav be general for , - 
all uridine for cytosine misincorporation 
events. Such geometric effects in the acti- 
vated state (n*) rewresent the second level of 

\ , A  

the nucleotide discrimination in the overall 
wrocess that controls transcriwtion fidelitv. 

Both the insertion of an iAcorrect nudle- 
otide and the subsequent elongation of the 
nascent chain past the misincorporated res- 
idue'are required to complete a misincorpo- 
ration event. As mentioned above. the rate 
of extension from the incorrectly base-paired 
nucleotide is about ten times slower than 
that from a correctly paired nucleotide (Fig. 
2). This decrease in rate is also consistent 
with the geometric discrimination model 
proposed above. In this case, however, it is 
the 3' terminus of the transcriwt that is 
bound in the product terminus site with 
incorrect geometry for bond formation. Fur- 
thermore, the decay of state 25* + 25 is 
allowed by this reduction of the rate of chain 
extension (Fig. 2). This conformational de- 
cay is analogous to that proposed for state 
24* + 24, except that the 25* + 25 
transition represents the trapping of an error 
after its formation. These events of chain 
extension constitute the third stage of nu- 
cleotide discrimination during transcription. 

Some of the complexes at $25 (as well 
as at +24) undergo a further conformation- 
a1 change from the unactivated state to an - 
inactive (or dead-end) state that cannot be 
elongated, even in the presence of high 

Fig. 4. The kinetic-trap model repre- K~ K~ 
sented as equilibria between unbound n~~ n np 
and bound (productively and nonpro- 
ductively) activated and unactivated klnN,, 

states. The transcript length (or tem- 1 1 k,,, 

plate position) is indicated by n. The e K;? K; 
L 

11 Kn5 
* k ' b + , , ,  

synthesis pathway is represented by n~~ -7 n*  n p  - (n+l)' '  
(n-1)* to n* to (n+l)*. Subscripts on n 
correspond to a bound NTP, where NP 
indicates a nonproductively bound 

4,". 
NTP and P a productively bound NTP. 
K, and K,, are equilibrium constants for productive and nonproductive binding to the unactivated 
state, respectively. K*, and K*,, are equilibrium constants for productive and nonproductive 
binding to the activated state, respectively. Kn*, is the equilibrium constant for the equilibrium 
between the productively bound unactivated (n,) and productively bound activated states (n*,). 
kf(n+l)* and k'n* are the rate constants for nucleotide incorporation (correct or incorrect) that 
results from a productively bound activated state. k'n and k'n,, are the rate constants for the decay 
from the unbound and nonproductively bound activated states to their respective unactivated 
states. The rate constant kn  in Fig. 2 is equal to k'n + k'n,, if we assume that the rate of decay from 
n*, to n, is slow relative to the rate of nucleotide incorporation from n*, to (n+l)*. 
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concentrations of all four NTPs, although 
both the RNA polymerase and the tran- 
script remain bound to the DNA template 
(23, 24) (Figs. 2 and 5). The probability of 
forming dead-end complexes is enhanced 
for complexes containing a terminally mis- 
incorporated residue (see chase reactions in 
Fig. 5). Unlike the dead-end complexes 
that form after the stalling of the polymer- 
ase by NTP depletion (8, 23, 24), the 
formation of the dead-end complexes ob- 
served in our study reflects the incorpo- 
ration of an incorrect nucleotide residue at 
the 3' end of the nascent RNA chain, 
rather than the lack of the next NTP, and 
represents "physiologically formed" dead- 
end complexes in E. coli. These dead-end 
complexes may correspond (i) to conforma- 
tions that cannot undergo a conformational 
change to the activated state; (ii) to states 
in which the conformational change fails to 
bring the reacting groups into the proper 

Abortive 
products 

Cleavage 
products 

positions for phosphotransfer; or (iii) to con- 
formations in which the catalvtic active cen- 
ter is displaced relative to the 3' terminus, as 
has been suggested by Chamberlin (25). 

Complexes that misincorporate, but do 
not elongate past the misincorporated residue 
(complexes in states 25 and 25DE; Fig. 2), 
represent complexes that have made an error 
and have become trapped. The discovery of 
transcription cleavage factors GreA and GreB 
(8) provide a mechanism for reactivating such 
terminally misincorporated complexes. 

Role of GreA in the fidelity of transcrip- 
tion. GreA and GreB are accessory proteins 
for E. coli RNA polymerase that promote the 
hydrolytic cleavage of the 3' terminus of a 
nascent transcript when ternary complexes 
are stalled by nucleotide depletion (26). The 
resulting cleavage products are 2 to 10 nt 
long, and RNA polymerase appears to back 
up after the removal of these terminal nu- 
cleotides and reextend the shortened tran- 

h  ~ ~ ~ ~ 0 0 0 0 0 0 0 ~  h k h h 0  
r a m m  . - u t m m ~  o m m r  a c o r n . - o  

r m  0u;; 00; I 7 - 0 1  

Fig. 5. Effect of GreA on misincorporation for both the unspiked (left panel) and the 1 mM UTP 
spiked (right panel) transcription reactions. Reactions were performed side by side in the 
presence and absence of GreA. At the designated times (bottom of gel) a portion of the reaction 
mixture was removed and either (i) quenched with formamide or (ii) extended by the addition of 
all four NTPs (chased) at 1 mM and were incubated for 30 minutes at room temperature. The time 
shown below each lane indicates the time of the quenching, or in the case of the chase reactions 
(denoted by a "C" preceding the time), the time at which the four NTPs were added. When 
included, GreA was in stoichiometric amounts and was added just before the NTPs were added. 
The sizes (see legend to Fig. 3) of the transcripts are marked on the left and right of the gel. The 
radioactivity in each band was measured with an AMBlS 4000. 

script (8, 27, 28). Both factors can prevent 
the formation of dead-end complexes by 
transcript cleavage (29), and GreB can re- 
activate dead-end complexes as well (8). 

It has been suggested that the hydrolysis 
reactions promoted by GreA and GreB 
might be too slow, relative to the rate of 
elongation, to play a role in error correction 
(28). However, since the rate of extension 
of an incorrectly paired terminal nucleotide 
residue is significantly slower than that of a 
correctly paired residue, this slow rate of 
hydrolysis may be advantageous for the 
maintenance of low-cost fidelity in transcrip- 
tion by E. coli RNA polymerase. The slow 
hydrolysis catalyzed by GreA would make 
nucleotide excision of correctly paired nu- 
cleotides improbable, whereas significant ex- 
cision of incorrect residues would be highly 
probable as a result of the longer dwell time 
of the complex at the site of a misincorpo- 
ration. Similar proposals have been put forth 
to explain error recognition by the intrinsic 
exonuclease of DNA polymerases (4, 9). 

To test this hypothesis, we performed 
misincorporation experiments in the pres- 
ence and absence of GreA (Fig. 5). In the 
presence of GreA, the appearance of termi- 
;ally misincorporated prbhucts (25, 28, and 
30 nt) is completely inhibited, but the rate 
of appearance-of read-through products (27 
and 29 nt) is only slightly reduced (Fig. 5). 
These data show that GreA does indeed 
increase the fidelity of transcription (>50 
percent) by E. coli RNA polymerase and that 
GreA predominantly cleaves the transcript 
in the unactivated state of an elongation 
complex. If GreA primarily cleaved the 
transcript in the activated state, then there 
would be a concomitant reduction in the 
concentration of terminally and internally 
misincorporated products, since in the ab- 
sence of GreA the rate of appearance of 
these products is approximately equal (see 
above and Figs. 2, 3, and 5). By contrast, if 
GreA cleaved only transcripts in the unac- 
tivated state and did so rapidly, the termi- 
nally misincorporated 25-, 28-, and 30-nt 
products might not be observed because they 
exist onlv in the unactivated or dead-end 
states, a id  the read-through 27- and 29-nt 
products would appear with approximately 
the same rate as in the control and then 
would be slowly cleaved as they decayed to 
their respective unactivated states. Accord- 
ingly, we propose that GreA preferentially 
recognizes and cleaves the unactivated state 
of an elongation complex. Our initial studies 
with GreB indicate that it also increases 
fidelity by an analogous mechanism. Fur- 
thermore, GreA may more rapidly cleave 
unactivated complexes that contain a mis- 
matched 3' end. Although attractive, this 
latter suggestion is not required to explain 
our observations since the rate of decay to 
the unactivated state is greater for complexes 
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with terminally misincorporated nucleotides 
than for those with correctly matched 3 '  
ends (Fig. 2). Since dead-end complexes are 
formed via the unactivated state (in our 
experiments), this proposal provides a sim- 
ple explanation for the observation that 
GreA is able to prevent the formation of 
dead-end complexes (Fig. 5) (8) but is not 
able to rescue the same dead-end comulexes 
once they have formed (8). 

In addition to the rapid and preferential 
cleavage of terminally misincorporated 
products, GreA causes the internally mis- 
incorporated products (some of which have 
extended to +49) to slowly revert to +24 
so that at 90 minutes all transcription com- 
plexes are at +24 and no additional misin- 
corporation is observed (see 1 mM UTP 
spiked reactions in Fig. 5). If the function 
of GreA were simply to prevent the forma- 
tion of dead-end complexes by cleavage, we 
would expect to reach a steady-state level of 
misincorporation or perhaps even to ob- 
serve an increase in misincorporation be- 
cause cleavage and subsequent reextension 
of the transcript would return the complex- 
es to an activated state, thereby providing 
multiple chances for misincorporation at a 
single position. We conclude that GreA 
increases fidelity both by rapid cleavage of 
terminally misincorporated products and by 
slowly backing up (to +24) internally mis- 
incorporated complexes that have stalled 
one residue prior to a misincorporation site. 

Since the overall extent of misincorpo- 
ration is reduced in the presence of GreA, 
and since the terminally misincorporated 
25-, 28-, and 30-nt transcripts are not 
observed (Fig. 5) (30), it is possible that 
GreA increases fidelity not only by cleavage 
of the misincorporated transcripts, but also 
by inhibiting the misincorporation process 
itself. This suggestion is consistent with the 
observation that when the time is long, all 
complexes are at +24 and no further mis- 
incorporation occurs (Fig. 5). In addition, 
the production of abortive transcripts in 
these experiments (Fig. 5), as well as with 
other uromoters (3 1 ) .  is reduced in the 

\ , ,  

presence of GreA. However, the rate of 
appearance of the 24 nt and longer tran- 
scripts are not significantly changed (Fig. 
5), suggesting that it does not substantially 
increase either the rate of overall chain 
elongation or the rate of escape of RNA 
polymerase from the promoter. These re- 
sults suggest that the function of GreA may 
be more complex than simply to cleave the 
transcript (8). It may produce more strin- 
gent nucleotide discrimination, confer ad- 
ditional stability onto the transcription 
complex (which is consistent with the re- 
duction of abortive products), or both. It is 
possible that GreA enhances nucleotide 
discrimination, but it is clear that the pres- 
ence of GreA greatly reduces the extent of 

nucleotide misincorporation by preferential 
recognition and cleavage of the unactivated 
state. The ability of GreB to reactivate and 
of GreA and GreB to prevent the formation 
of dead-end complexes may be important 
physiologically in error correction or in the 
reactivation of transcription complexes that 
have attained dead-end status due to misin- 
corporation. These studies strongly suggest 
that an important function of these factors is 
to maintain transcriptional fidelity. 

Multiple RNA polymerase conforma- 
tions regulate transcription. We have pre- 
sented experiments supporting a mechanism 
for misincorporation that is governed by the 
availability of alternative conformational 
states that can trap transcription complexes 
before and after a nucleotide has been mis- 
incorporated. We suggest that these confor- 
mational changes, which can manifest 
themselves at each template position, are 
the underpinnings of the mechanisms of 
transcriptional regulation during elongation 
as well as at termination. A significant 
amount of recent work on transcri~tion 
elongation and pausing indicates that con- 
formational properties of elongation com- 
plexes may play important regulatory roles 
(2, 24, 32). Conformational differences in 
elongation complexes can be large enough to 
be detectable by DNA and RNA footprint- 
ing experiments (2, 24, 32), and it may be 
that the mechanism we present here reflects 
such large-scale changes. Significantly, our 
ability to predict the effect of GreA on 
misincorporation, as well as to explain its 
effect on dead-end complex formation, sug- 
gests that we are beginning to understand 
the mechanism of transcription elongation 
at this detailed level of resolution. Such 
understanding will be essential for the eluci- 
dation of detailed mechanisms of gene regu- 
lation at the level of RNA transcription. We 
sueculate that the transition to the unacti- 
vated state of the elongation complex may 
be the first step in many regulatory processes, 
perhaps including pausing, or that it may 
trigger the action of accessory proteins. Such 
conformational changes may also occur in 
eukaryotic RNA polyrnerases, since these 
enzymes may also exhibit more than one 
conformation at each template position and 
are also totally processive (33). 

REFERENCESANDNOTES 

1. R. Landick and C. Yanofsky, in Escherichia coli 
and Salmonella iyphimurium, F. C. Neidhardt et 
al., Eds. (American Society for Microbiology, 
Washington, DC, 1987), vol. 2, pp. 1276-1301 

2. D. A. Erie, T. D. Yager, P. H, von Hippel, Annu. 
Rev Biophys. Biomol. Struct. 21, 379 (1992) 

3. S. S. Patel etal., Biochemistry30, 511 (1991); M. J. 
Donlin etal., ibid., p .  538; M. E. Dahlberg and S. J. 
Benkovic, ibid., p .  4835, B. T. Eger etal., ib~d., p. 
1441 ; T. L. Capson et al., ibid. 31, 10984 (1 992). 

4. 1. Wong et al., ibid. 30, 526 (1991). 
5. R. D. Kuchta et a/., ibld. 26, 841 0 (1 987). 
6. K A. Johnson, Methods Enzymol. 134,677 (1986). 

7. The kinetics of correct and incorrect incorporation 
by DNA polymerase from bacteriophage T4 have 
been investigated in the absence of its accessory 
proteins, which significantly increase the proces- 
sivity and stability of the replication complex [N. 
G. Nossal, FASEB J. 6, 871 (1992); M. C. Young, 
M. K. Reddy, P. H. von Hippel, Biochemistry31, 
8675 (1992)l. Consequently, slow conformational 
changes in such holoenzyme repllcatlon com- 
plexes may not be accessible in studying the 
kinetics of the DNA polymerase alone. 

8. S. Borukhov et al., Proc. Natl. Acad. Sci. U.S.A. 
89, 8899 (1992); S. Borukhov et a/., Cell 72, 459 
(1 993) 

9. H. ~ c h o l s  and M. F. Goodman, Annu. Rev. Bio- 
chem. 60, 477 (1991) 

10. The template used in these studies was the linear- 
ized plasmid pDE 13. To generate this plasmid, we 
cloned the 3000-bp Bgl I fragment from pWT 2-8 
(gift of M. Chamberlin, University of California, 
Berkeley), whlch contalns the AP, promoter with 
the At,, terminator approximately 500 bp down- 
stream, with the Bgl I fragment of phagemid pBS- 
(Stratagene) which contains the f l  origin of repli- 
cation. We then used Kunkel site-directed muta- 
genesis [T. A. Kunkel, Proc. Natl. Acad. Sci. U.S.A. 
82, 488 (1985)l to change the DNA base pair 
corresponding to position +6 of the AP, transcript 
from a CG to a GC. 

11. We have investigated misincorporation at a posi- 
tion requiring C rather than U because it is pos- 
sible to obtain NTP stocks that are free from CTP; 
however, CTP stocks are always contaminated 
with UTP because of deamination of CTP. We 
have reproduced the first 30 minutes of these 
results with seven different enzyme preparations 
obtained from several laboratories, including a 
preparation reconstituted from purified subunits 
(gifts of R. Burgess, M. Chamberlin, and M 
Kashlev and A. Goldfarb). 

12. The rate of misincorporation was slightly reduced 
in the presence of 1 mM ATP or GTP, which is 
consistent with competitive inhibition of UTP mls- 
incorporation. 

13 More than 80 percent of these complexes (in state 
24) can be chased and thus are considered to be 
active 

14. M. K. Reddy, S. E. Weitzel, P. H von Hippel, J. 
Biol. Chem. 267, 141 57 (1 992) 

15. D. E. Koshland Jr., in The Enzymes, P. D Boyer, 
H. Lardy, K. Myrback, Eds. (Academic Press, 
New York, 1959), vol. 1, pp. 305-346. 

16. W. P. Jencks, Adv Enzymol. 43, 219 (1975). 
17. This suggestion is supported by ESR and NMR 

studies on the binding of incorrect or correct 
3'-dNTPs to E. coli RNA polymerase complexed 
to single- and double-stranded DNA templates 
[G. L. Eichhorn etal., Biophys. J. 59, 565a (1991); 
G. L. Elchhorn, personal commun~cation] 

18. Since the rate of decay from state 24* to 24 is slow 
(minutes) relative to the rate of correct incorpo- 
ration (0.05 to 1.0 s), the ternary complex must 
remain in the activated state for a finite period 
(dependent on k,; see legends to Figs. 2 and 4) 
after nucleotide incorporation, during which both 
correct and incorrect NTPs may bind. If the acti- 
vated state existed only when the correct NTP 
were bound, we would not have observed a burst 
of misincorporation (Fig. 1, A and 6). 

19. Ten mlnutes after initiation of transcription, ap- 
proximately 100 percent of the complexes at +24 
are in the unactivated state; after only 2 minutes 
most of the complexes at +24 are in the activated 
state. Consequently, if we add 1 mM UTP to the 
reaction at 2 or 10 minutes, we can measure the 
rate of misincorporation from the activated or 
unactivated state, respectively. We have found 
that the kinetics of misincorporation do not de- 
pend on whether 1 mM UTP is added to the 
reaction at 2 mlnutes or at 10 minutes after the 
addition of 20 FM ATP, 20 FM GTP, and 3 FM 
[n-32P]GTP. This result indicates that UTP can 
Induce the transition 24 + 24*, and that at 1 mM 
UTP, misincorporation (24* + 25*) is slower than 
reactivation (24 -, 24*). In addition, high concen- 
trations of UTP are required to reactivate the 

SCIENCE VOL. 262 5 NOVEMBER 1993 



complexes, whereas very low concentrations of 
CTP (10 nM) are sufficient for reactivation. 

20. S. J Benkovic and K. J. Schray, in The Enzymes, 
P. D. Boyer, Ed. (Academic Press, New York, ed. 
3, 1971), vol. 8, pp. 201-238 

21. D. Herschlag, J. A. Plccirelli, T. R Cech, Bio- 
chemistry 30, 4844 (1 991) 

22. It is possible, but unlikely, that the enzyme stabilizes 
the thio transtion state relative to the 0x0 transition 
state, which would result in a rate enhancement 
when the 0x0 derivative is replaced with the thio 
derivative. Consequently, phosphate transfer could 
be rate limiting; however, no such effect has been 
o b s e ~ e d  wlth other enzymes (20, 21). 

23. J. R. Levin and M. J. Chamberlln, J. Mol. Biol. 196, 
61 (1987). 

24. B. Krummel and M. J. Chamberlin, ibid. 225, 221 
(1992); ibid., p. 239. 

25. M J. Chamberlin, The Hawey Lectures (Series 
88, Wiley-Liss, New York, in press). 

26. Whether GreA itself cleaves the transcript or 
whether GreA enhances an activity that is intrinsic 
to RNA polymerase is not clear (8, 27). 

27. C. K. Suratt, S. C. Milan, M. J. Chamberlin, Proc. 
Natl. Acad. Sci. U.S.A. 88, 7983 (1 991). 

28. G. A. Kassevetis and E. P. Geiduschek, Science 
259, 944 (1 993) 

29. The eukaryotic transcription factor SII exhibits 
slmilar "backing up" activity, however, this 
backing-up process, at least in some cases, 
involves the sequential removal of mononucle- 

otides from the 3' end of the transcript [D. Wang 
and D K. Hawley, Proc. Natl. Acad. Sci., U.S.A. 
90, 843 (1993)l. These authors suggested that 
SII may play a role in preserving fidelity during 
transcription. This view represents an alternative 
to the suggestion that the function of GreA, 
GreB, and Sll (or an activity st~mulated by SII, 
GreA, or GreB) is to rescue dead-end complex- 
es (8, 34). This role appears to be the only one 
that has been explored for GreA and GreB, even 
though dead-end complexes do not appear to 
be normally formed by E, coh RNA polymerase in 
transcription reactions in which all four NTPs are 
present throughout the initiation and elongation 
phases (8, 23, 24). In contrast, dead-end com- 
plexes of RNA polymerase II, which can be 
rescued by SII, have been observed in the 
presence of all four NTPs at attenuation sites in 
vitro (34) 

30. We have not obsewed the formation of the 25-nt 
product in the presence of GreA even as early as 
15 seconds after the addition of 1 mM UTP. 

31. R. Landick and G. Feng, personal communication. 
32. C. L. Chan and R. Landick, in Transcription Mech- 

anisms and Regulation, J. Conaway and R. Con- 
away, Eds. (Raven Press, New York, in press) 

33. H. Matsuzaki, G. A. Kassavetis, E. P. Geiduschek, 
J. Mol. Biol., in press. 

34. D. Reines, J. Biol. Chem. 267, 2795 (1992); M. G. 
lzban and D. S. Luse, Genes Dev. 6, 1342 (1992). 

35. B. A. Barshop, R. F. Wrenn, C. Frieden, Anal. 

Biochem. 130, 134 (1983) 
36. We use the term pseudo-rate constant because (i) 

the reactions are pseud-first order and (ii) the 
NTP concentrations are below those that yield 
V,,. The constants were determined for the 
concentrations used in this experiment (Fig. 2). 
The constant for correct incorporation was esti- 
mated for the temperature and the NTP concen- 
trations used, based on our measurements and 
those of G. Rhodes and M. J. Chamberlin [J. Biol. 
Chem. 249, 6675 (1 974)l. 

37. We dedicate this paper to the memory of Harrl- 
son (Hatch) Echols, whose clear thinking about, 
and elegant descriptions of, fidelity mechanisms 
in DNA replication significantly inspired our 
studies and Interpretations. Supported, In part, 
by USPHS research grants GM-I5792 and GM- 
29158 (P.H.vH.), by USPHS postdoctoral fellow- 
ships GM-I2915 (D.A.E.) and Al-07568 (M.C.Y.), 
by a grant from the Lucille P. Markey Charitable 
Trust, and by an Amerlcan Cancer Society Re- 
search Professorship of Chemistry (P.H.vH.). We 
thank C. Chan, R. Landick, and G. Eichhorn for 
sharing unpublished manuscripts; E. Baldwin, 
C. Chan, M Chamberlin, G. Eichhorn, and R 
Landick, as well as several laboratory col- 
leagues, for helpful discussions; and C. Chan, 
G. Feng, and R. Landick for provlding us with 
purlfled GreA and GreB proteins. 

11 May 1993; accepted 21 September 1993 

fluctuations involving solvent penetration, Guanidinium Chloride Induction of analo~ustothemechanismbvwhichox-  - 
ygen penetrates myoglobin to reach its Partial Unfolding in Amide Proton bindingsiteonthehemeiron. 

To obtain new evidence on this question, 

Exchange in RNase A we netic used resonance two-dimensional (2D 'H-NMR) proton nuclear to measure mag- 

Stephen L. MayoMnd Robert L. Baldwin* 
Amide (NH) proton exchange rates were measured in 0.0 to 0.7 M guanidinium chloride 
(GdmCI) for 23 slowly exchanging peptide NH protons of ribonuclease A (RNase A) at pH* 
5.5 (uncorrected pH measured in D,O), 34°C. The purpose was to find out whether GdmCl 
induces exchange through binding to exchange intermediates that are partly or wholly 
unfolded. It was predicted that, when the logarithm of the exchange rate is plotted as a 
function of the molarity of GdmCI, the slope should be a measure of the amount of buried 
surface area exposed to GdmCl in the exchange intermediate. The results indicate that 
these concentrations of GdmCl do induce exchange by means of a partial unfolding 
mechanism for all 23 protons; this implies that exchange reactions can be used to study 
the unfolding and stability of local regions. Of the 23 protons, nine also show a second 
mechanism of exchange at lower concentrations of GdmCI, a mechanism that is nearly 
independent of GdmCl concentration and is termed "limited structural fluctuation." 

Whether  hydrogen-deuterium (H-D) ex- 
change in proteins occurs by partial unfold- 
ing has been debated hotly (1). Classic 
experiments (2) indicate that the NH pro- 
ton exchange rates of bovine pancreatic 
trypsin inhibitor (BPTI) depend on a global 
thermodynamic property of the protein. 
The exchange rates of individual NH pro- 
tons were compared for a family of proteins 
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homologous to BPTI, either from different 
species or from chemically modified vari- 
ants produced, for example, by reducing 
and blockine a suecific disulfide bond. The " L 

exchange rates of all measured NH protons 
could be correlated closely with T,, the 
midpoint of the thermal transition for glob- 
al unfolding, suggesting that exchange rates 
depend on global thermodynamic behavior. 
In contrast, experiments over many years 
have suggested that some exchange reac- 
tions may occur by partial unfolding (1). 
Still other ex~eriments and lines of reason- 
ing (3) have suggested (1) that exchange 
reactions may occur by limited structural 

exchange rates of individual NH protons in 
RNase A as a function of the concentration of 
guanidinium chloride (GdmCl). Guanidin- 
ium chloride causes protein unfolding by in- 
teractine with the unfolded urotein. and the 

c7 

change in Gibbs energy upon unfolding varies 
linearly with the molarity (M) of GdmCl. 
The slope, -m, of the plot of Gibbs energy as 
a function of the molarity of GdmCl is pro- 
portional to the number of GdmCl interac- 
tion sites exposed on unfolding (4), which is 
taken to be urouortional to the surface area 

L L 

exposed. We make use of this fact to ask 
whether H-D exchanee of individual ~ e ~ t i d e  ., 
NH protons can be caused to occur by partial 
unfolding by means of adding GdmCl. For our 
conditions, exchange is known to occur by 
the EX2 exchange mechanism (1, 5 )  that is 
defined below. This means that the apparent 
change in Gibbs energy, AG: for the confor- 
mational reaction that permits exchange can 
be obtained for each proton by the relation 

where kHX(i) is the observed rate constant 
for exchange of proton i and k,(i) is the 
chemical exchanee rate when uroton i is 

c7 

fully solvent exposed, obtained from model 
ueutide data (6) .  The conversion of H-D . . ~, 

exchange rates to Gibbs energies is possible 
because in the EX2 exchange mechanism 
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